We aim at identifying how ecosystem functioning in shallow estuaries is affected by rapid shifts in benthic fauna communities. We use the shallow estuary, Odense Fjord, Denmark, as a case study to test our hypotheses that (1) shifts in benthic fauna composition and species functional traits affect biogeochemical cycling with cascading effects on the ecological functioning, which may (2) modulate primary productivity in the overlying water column with feedbacks to the benthic system. Odense Fjord is suitable because it experienced dramatic shifts in benthic fauna community structure from 1998 to 2008. We focused on infaunal species composition and functional traits with emphasis on three dominating burrow-dwelling polychaetes: the native Nereis (Hediste) diversicolor and Arenicola marina, and the invasive Marenzelleria viridis. The impact of functional traits in the form of particle reworking and ventilation on biogeochemical cycles, i.e., sediment metabolism and nutrient dynamics, was determined from literature data. Historical records of summer nutrient levels in the water column of the inner Odense Fjord show elevated concentrations of NH delivery from the benthic system during the A. marina and M. viridis expansion period enriched the overlying water in DIN and stimulated phytoplankton concentration. The altered benthic-pelagic coupling and stimulated pelagic production may, in support of our second hypothesis, have feedback to the benthic system by changing the deposition of organic material. We therefore advice to identify the exact functional traits of the species involved in a community shift before investigating its impact on ecosystem functioning. We also recommend studying benthic community shifts in shallow environments to obtain sufficient knowledge about the drivers and controls before exploring deep-water environments.
INTRODUCTION
Ecosystem functioning is defined as the transfer of matter and energy through various levels of biological organization (Bonsdorff et al., 1995; Hooper et al., 2005; Boero and Bonsdorff, 2007) . These involve primary production, secondary production, and decomposition, where essential nutrients basically are consumed by primary producers and recycled by microbially mediated biogeochemical processes. All processes and organisms are nevertheless essential for the functioning of ecosystems and they are deeply interconnected. The exchange of particulate and dissolved nutrients between sediment and water, i.e., benthic-pelagic coupling, is particularly important for the functioning of shallow coastal and estuarine ecosystems (Brigolin et al., 2011; Hochard et al., 2012; Brady et al., 2013) . A key driver for benthic-pelagic coupling is the composition of benthic fauna communities, since various species have distinct and often widely different functional traits (Braeckman et al., 2010; Dornhoffer et al., 2012; Kristensen et al., 2012) . Accordingly, we propose three basic features of benthic communities for the control of benthic-pelagic coupling in coastal ecosystems (sensu Boero, 1999) ; (1) species composition (diversity, abundance and interactions); (2) species functional traits (production, bioturbation, and transfers); and (3) species impact on biogeochemical cycles (nutrient exchange). The specific role these three features in any coastal ecosystem is unique because their expression is based on the actual state of the involved organisms and associated processes exposed to the environmental conditions prevailing in that ecosystem, which are unlikely to be exactly similar somewhere else (Pérez-Ruzafa et al., 2011; Norkko et al., 2013) .
It is also unlikely that the functioning of any coastal ecosystem will remain unchanged through time. Temporal variations in e.g., benthic species composition caused by human induced or natural perturbations leading to changes in dominant functional traits have strong implications for the biogeochemical functioning of ecosystems (Bulling et al., 2006; Ieno et al., 2006; Solan et al., 2006) . Thus, changes in environmental conditions (e.g., salinity, temperature) and eu-or oligotrophication status combined with arrival of new species may lead to unpredictable and rapid expansion of some species and decline or even extinction of other species Crowe et al., 2013) . If changes in community structure are large, sudden and long-lasting, a regime shift have occurred (Hare and Mantua, 2000; Scheffer and Carpenter, 2003; Beaugrand, 2004) . van Nes et al. (2007) argued that communities may have more than one stable state and that transition to other contrasting states may occur if environmental conditions change only gradually or if there is a short-term external disturbance. Petersen et al. (2008) demonstrated a distinct regime shift in the nutrient-stressed estuary, Ringkøbing Fjord, Denmark. They found that a small change in salinity facilitated by modified sluice management caused a sudden change in species composition with new recruitment and rapid population growth of the suspension-feeding clam, Mya arenaria. This resulted in a dramatic change from a nutrient controlled state with turbid water and pelagic turnover, to a suspension-feeder controlled state with clear water caused by strong benthic-pelagic coupling. The functional traits of the new population of suspension-feeding clams were in this case essential for the shift in ecosystem functioning.
When transitions occur repeatedly from one state to the other over shorter time-scales they cannot be denoted regime shifts as such, but the associated change in ecosystem functioning may very well illustrate the impact of a regime shift. However, only few studies (e.g., Petersen et al., 2008) have examined in detail how large shifts in abundance of fauna and alternative functional traits affect benthic-pelagic coupling and thus the overall functioning of shallow coastal ecosystems. This is somewhat understandable because a considerable number of biological, chemical, and physical parameters have to be measured with a perfect timing and frequency to capture an unpredictable shift event. Some studies have registered distinct regime shifts in benthic fauna composition (e.g., Eriksson et al., 2010; Spencer et al., 2010) , but the associated impact of functional traits on benthic-pelagic coupling and the exact mechanisms for the changes are rarely identified. Conversely, other studies have provided reliable estimates on how functional traits of benthos affect benthic-pelagic coupling in the form of particle capture by suspension feeding or bioturbation-driven nutrient release to the overlying water and related it to phytoplankton dynamics (e.g., Doering, 1989; Grenz et al., 2000; Grall and Chauvaud, 2002) . However, these studies are rarely directed to capture the impact of major shifts in fauna composition and associated ecosystem effects.
In this study we aim at identifying how ecosystem functioning in shallow estuaries is affected when benthic-pelagic coupling is altered due to rapid and large shifts in benthic fauna communities. We particularly try to elucidate the direct link between ecosystem functioning and functional traits of the benthic fauna (e.g., sediment reworking and ventilation). We use the shallow estuary, Odense Fjord, Denmark, as a case study because the robust historical monitoring data from this estuary have captured significant changes in benthic fauna composition. Together with detailed knowledge of underlying mechanisms and functional traits of the involved benthic fauna species, we provide reliable evidence for the impact of changing benthic communities on past and present ecosystem functioning in this area. We hypothesize that (1) shifts in benthic fauna composition and species functional traits affect biogeochemical cycling with cascading effects on the ecological functioning, which may (2) modulate primary productivity in the overlying water column with feedbacks to the benthic system.
STUDY APPROACH
We will test our general hypotheses by evaluating available and relevant data on historical environmental trends in our case study area; the shallow estuary, Odense Fjord. These will be combined with knowledge on the functional traits of the dominant benthic fauna. The Odense Fjord estuary is first portrayed with focus on long-term nutrient trends and implications for primary producers. Next, we describe the "species composition" of benthic fauna in the fjord with emphasis on changes and interactions in time and space of three dominant species of burrow dwelling polychaetes, i.e., the native Nereis (Hediste) diversicolor and Arenicola marina, and the invasive Marenzelleria viridis. We then evaluate how their "functional traits" in the form of particle reworking and ventilation/irrigation (sensu Kristensen et al., 2012) modifies "biogeochemical cycles" through sediment metabolism and nutrient dynamics. Finally, we determine the consequences of the functional changes and temporal trends for benthic-pelagic coupling (nutrient and phytoplankton levels). The background data are mostly derived from previously published studies in Odense Fjord combined with published experimental results on the biogeochemical impact of the three polychaetes. The results obtained from the Odense Fjord case study are then used as the evidence for testing our hypotheses and provide the basis for conclusions on how benthic fauna community shifts affect ecosystem functioning in estuaries.
ODENSE FJORD; PAST AND PRESENT NUTRIENT AND FLORA TRENDS
Odense Fjord is a shallow microtidal estuary, located in the northeastern part of the island of Fyn, Denmark (Figure 1) . The estuary covers 62 km 2 with an average water depth of 2.2 and a 0.3 m tidal amplitude. It is divided into an inner and an outer part. The shallow inner fjord (0.8 m average depth), which is the focus area of the case study, comprises 1/4 of the total area and is impacted by freshwater inputs from Odense River and diffusive drainage from land. The outer fjord has a more variable bathymetry (2.7 m average depth) and opens to the Kattegat through a narrow opening in the northeast. Salinity varies depending on freshwater input and exchange with the Kattegat typically from 5 to 17 and 15 to 25 in the inner and outer fjord, respectively, with the lowest salinity typically measured during winter (Fyns Amt, 2004) . The inner fjord has lowest salinity in the southeastern part due to freshwater drainage from land, while the salinity in the northwestern part is maintained artificially high by discharge of saline cooling water from a power plant (Koed et al., 1997) . Sediments in the inner fjord mainly consist of low organic (<3%) sand (median grain size around 200 µm), but the deeper areas trap fine particles and form organic-rich (>10%) silty sediments (Valdemarsen et al., 2014) (Table 1) . Odense Fjord has a large catchment area (1046 km 2 ), resulting in substantial nutrient loading primarily due to agricultural runoff. The loading was ∼3000 t N year −1 and ∼300 t P year −1 prior to 1990, but after the implementation of several water action plans during the last 20 years nutrient loading has gradually been reduced to the present levels of <2000 t N year −1 and ∼50 t P year −1 (Petersen et al., 2009) . As a consequence, the nutrient concentrations in the fjord diminished, now typically rendering dissolved inorganic phosphorus (DIP = PO (1985-1992); 7 (1993-1997); 12 (1998-2001); 26 (2002-2006); 10 (2007-2009) ] (data kindly provided by The Danish Nature Agency).
primary production in spring and summer, respectively (Fyns Amt, 2004) . Nutrient levels were generally high in the inner fjord before 1990 (Figure 2) , with summer NO (Figures 2B,C) . NH + 4 , on the other hand, remained more stable at 2-3 µM (Figure 2A) . A few years after implementation of the first Danish Action Plan for the Aquatic Environment in 1987 (Kronvang et al., 2008) , the summer nutrient levels in the inner part of Odense Fjord decreased and showed much lower year to year variations. NH (1985-1992); 7 (1993-1997); 12 (1998-2001); 26 (2002-2006); 10 (2007-2009) ] (data kindly provided by The Danish Nature Agency).
after 1990, reaching a more or less constant level of 1-2 µM after 2003. Currently, the macrophyte vegetation in the inner fjord consists mainly of the seagrass, Ruppia maritima, and the macroalgae, Ulva lactuca (Riisgård et al., 2008) , with scattered eelgrass (Zostera marina) occurrence in the northern part. Surveys of submerged macrophytes in the 1980s and early 1990s showed that the inner fjord was strongly dominated by U. lactuca, while the distribution of R. maritima was limited by light availability, competition from U. lactuca (e.g., Hauxwell et al., 2001 ) and hypoxic events (e.g., Greve et al., 2005) . However, the lowered nutrient loading in the 1990s improved the water quality, as evidenced by higher water transparency and recession of U. lactuca abundance (Fyns Amt, 2004; Petersen et al., 2009) . R. maritima has since then spread widely and covers today about 50% of the inner fjord (Petersen et al., 2009) .
The phytoplankton response to lower summer nutrient concentrations after 1990 was moderate. The water column "Chlorophyll a" levels, as a measure of phytoplankton biomass, varied considerably before 1990 with summer concentrations ranging from 5 to almost 15 µg l −1 (Figure 3 ), but not in phase with nutrient availability. Subsequently, more stable levels around 5 µg l −1 were reached after the mid 1990s, except for a pronounced increase during the period 2004-2006 with a peak of 8.5 µg l −1 in 2005 This increase in Chlorophyll a was apparently a response to the simultaneous increase in DIN (Figure 2) , pointing to the fact that the inner fjord is nitrogen limited during summer, as also indicated from a generally very low DIN:DIP ratio of ∼1.
COMPOSITION OF BENTHIC FAUNA: SPATIAL AND TEMPORAL PATTERNS
The estuarine environment in the inner part of Odense Fjord is stressful for benthic fauna. Relatively few species are adapted to withstand the highly variable environmental conditions with dramatic and unpredictable changes in, e.g., salinity, temperature and oxygen conditions (Ysebaert et al., 2005; . Recent surveys (2008) (2009) (2010) , based on 25 sampling stations (Figure 1) , have shown that the benthic fauna in the inner fjord is characterized by high abundance of opportunistic species like the oligochaete Tubificoides benedii (on average 25% of the total), the polychaete Pygospio elegans (20%), gastropods from the Hydrobiidae family (20%), the crustacean Corophium volutator (10%), and the polychaete N. diversicolor (10%), while the polychaetes Marenzelleria viridis (5%) and Arenicola marina (<1%) are less abundant. The above-mentioned species together constitute >90% of the total infaunal abundance Kristensen et al., 2013) , while the latter three species account for >75% of the total biomass. The three polychaetes, N. diversicolor, A. marina, and M. viridis, are chosen as key species in this study, because they are conspicuous and dominating bioturbators in the inner Odense Fjord. They are, in contrast to the other more abundant infaunal species, large bodied (Table 2) with substantial capacity for sediment reworking and burrow ventilation (Riisgård and Banta, 1998; Quintana et al., 2011; Delefosse and Kristensen, 2012) . Our focus on these species is corroborated by Norkko et al. (2013) , who showed that large bodied infaunal species in natural communities have proportionally higher impact on ecosystem function (e.g., energy flow and nutrient cycling) than more abundant small bodied species.
Nereis diversicolor is common throughout most of the sandy to muddy inner fjord sediments, with abundances ranging between 1000 and 3000 ind m −2 or 100 and 360 g ww m −2 ; Table 2; Figure 4 ). However, its abundance in the northern part is generally below 100 ind m −2 or 10 g ww m −2 , except for intertidal and low saline refuges. A. marina primarily occurs in organic-poor sandy areas of the central inner fjord (Figure 4 ). Its population size rarely exceeds 50 ind m −2 , which is much lower than for the other common species, but its population biomass is often high (more than 100 g ww m −2 ) due to its very large body Long-term analyses in the inner part of Odense Fjord revealed shifts in benthic fauna composition during the last 10-20 years following the reductions in nutrient loading and Ulva lactuca coverage . The most pronounced change was a dramatic decrease in abundance of N. diversicolor between 1997 and 2004 in areas newly colonized by A. marina and M. viridis ( Figure 5 , Station OF115). It is unclear whether the decline in N. diversicolor was caused by the arrival of M. viridis, but limited evidence so far obtained suggests a negative interaction between these two species (Essink, 1999; Kotta et al., 2006; . However, the pronounced inverse pattern between A. marina and N. diversicolor biomass suggests that the former species is most likely responsible for the recession of the latter. Antagonism between these two species has previously been attributed to the vigorous sediment mixing and strong disturbance induced by A. marina and to competition for food (Flach, 1992; Zipperle and Reise, 2005; Volkenborn and Reise, 2006) . In contrast, a positive relationship between A. marina and M. viridis was reported by . It is puzzling how M. viridis is able to thrive under the strong physical disturbance regime of A. marina. A similar positive interaction between A. marina and the polychaete Scoloplos armiger in more saline environments is probably mediated by the less harsh chemical conditions (e.g., sulfide) near A. marina burrows (Volkenborn and Reise, 2006) .
The incidences of A. marina expansion in the inner Odense Fjord are difficult to explain. The first expansion occurred around 1996 at the middle station OF115, and then on a broader scale 7 years later; extending into the neighboring stations ( Figure 5 ). This was probably facilitated by improved environmental conditions with diminished U. lactuca cover, lower sediment organic content and higher oxygen availability. However, the timing of A. marina recruitment may be triggered by markedly higher salinity than normal (12-18 vs. 10-15) in the inner part of the estuary during 2003 owing to low precipitation and excessive inflow of seawater into the Baltic Sea that year (Fyns Amt, 2004; Blank et al., 2008) . Similar salinity changes have caused abrupt community alterations in other shallow coastal areas (Zipperle and Reise, 2005; Petersen et al., 2008) . A. marina survives well at salinities as low as 10-12 (Shumway and Davenport, 1977; Reitze and Schöttler, 1989) , but requires somewhat higher salinity for reproduction. Thus, the inner part of Odense Fjord is close to its lower salinity limit (Table 1) . Hence, the one-year high salinity levels (>15) in 2003 (and probably locally also at station OF115 during the dry year of 1996; Fyns Amt, 1997) may have promoted successful settling of A. marina larvae in areas devoid of U. lactuca. The subsequent decline in A. marina abundance after 3-4 years corresponds to the typical longevity of this species (Beukema and De Vlas, 1979) and strongly indicates a very successful settling with subsequent dominance of one generation. Two consecutive generations may have been present at station OF115 from 1996 to 2007 (Figure 4) . The salinity changes were apparently not sufficient to allow A. marina colonization at the low saline stations in the southeastern part. 
FUNCTIONAL TRAITS OF THE BENTHIC COMMUNITY: PARTICLE REWORKING AND VENTILATION/IRRIGATION
The functional traits of infaunal polychaetes are related to their particle reworking and burrow ventilation capacity, which in turn affect transport conditions and biogeochemistry of the sediment and consequently solute exchange between sediment and overlying water . Active particle reworking includes burrowing, construction and maintenance of burrows as well as ingestion and defecation of particles. Burrow ventilation occurs when animals flush their open-or blind-ended burrows with overlying water for respiratory and feeding purposes, and causes rapid exchange of solutes between sediment porewaters and the overlying water (Kristensen, 2001; Shull et al., 2009) .
Particle reworking by N. diversicolor and M. viridis belongs to the category "gallery biodiffusors" Lindqvist et al., 2013) . They displace particles downward at an exponentially decreasing rate with depth in the sediment. The transport of particles is random and local over short distances resulting in a down-gradient vertical transport of particles analogous to molecular diffusion. A. marina is one of the most conspicuous and intense particle reworkers belonging to the category "upward conveyors" in shallow and intertidal sandy sediments (Valdemarsen et al., 2011; Kristensen et al., 2012) . They transport particles from deep horizons to the sediment surface. The particles are actively moved non-locally upwards either when passing through the gut or when subsided material is ejected by water bursts during clearance of the ingestion cavity. According to published data, weight-specific reworking by A. marina at 15 • C is 4 and 27 times more intense than for N. diversicolor and M. viridis, respectively (Table 3) . A rough quantitative description of the average reworking on an ecosystem scale can be obtained when the long-term analysis of biomass dynamics of the three polychaetes at stations OF115, OF123, OF164, and OF165 ( Figure 5 ; is assumed representative for the entire inner Odense Fjord. We focus on the period from 1998 to 2008 where fauna abundances are documented by reliable data. The total reworking capacity by all three species is quite impressive and ranges from 1.5 to 2 cm mo −1 before the A. marina population expansion to more than 4 cm mo −1 during the expansion. This is equivalent to a total reworking depth of 9-24 cm during 6 months from April to October where the average in situ water temperature corresponds to that in the experimental studies providing the data (∼15 • C, Table 3 ). Consequently, labile organic particles are rapidly transferred from oxic surface to anoxic subsurface sediment, while refractory subsurface particles are lifted to the oxic sediment surface. Here the organic particles are degraded several fold faster than under anoxic conditions (Kristensen and Holmer, 2001) and are also likely to be lost by erosion (Wendelboe et al., 2013) . A. marina was the overall major contributor to ecosystem reworking (Figure 6 ) due to its high weight-specific reworking activity and large biomass ( Table 3) . Its contribution increased from 60 to 70% during the pre-expansion period to almost 90% during its temporary population expansion from 2004 to 2006. The remaining reworking was almost exclusively due to N. diversicolor, but with a temporary decline in 2005 corresponding to its diminished population during the A. marina expansion.
The renewal of burrow water through intermittent ventilation by the three burrow-dwelling polychaetes is the driving force for bioirrigation, i.e., enhanced exchange of pore water and associated solutes in the sediment surrounding burrows . The actual extent of bioirrigation depends on the infaunal species in question and the morphology of its burrow (Kristensen, 2001; Shull et al., 2009) . The mechanism and rate by which the three examined polychaetes ventilate their burrows are basically different. N. diversicolor use muscular sinusoid undulations of the body to ventilate large amounts of water tailwards in its open-ended and U-shaped burrows (Kristensen, 2001; Riisgård and Larsen, 2005) . Ventilation of N. diversicolor does not directly induce bioirrigation effects beyond a few mm into the sediment surrounding burrows (Nielsen et al., 2004; Wenzhöfer and Glud, 2004; Pischedda et al., 2012) . A. marina applies peristaltic body movements to forcefully ventilate water headwards in its blind-ended and J-shaped burrows. Bioirrigation is driven by advective percolation of pore water from the headend of the feeding funnel toward the sediment-water interface. M. viridis ventilation depends on ciliary action by the dorsal gills, which forces water tailwards into the blind-ended and I-shaped burrows . Bioirrigation around burrows of M. viridis is slow, and water percolates radially outwards and upwards in the surrounding sediment to a radius of several cm around the burrows Jovanovic et al., 2014) . The weight-specific burrow ventilation is considerably faster (i.e., 10 times) for N. diversicolor than the other two species (Table 3) . This is not only caused by the easy water passage through the open-ended burrow type, but also a consequence of its ability to perform active suspension-feeding (Riisgård, 1991; Christensen et al., 2000) . The estimated temporal variation of total daily ventilation on an ecosystem scale at ∼15 • C from 1998 to 2008, based on the average population biomass of these three polychaetes in the inner Odense Fjord, ranged from 350 to 900 liter m −2 d −1 (Figure 6 ). This is equivalent to 50-100% of the 0.8 m water column per day and forms the basis for rapid exchange of particles and solutes between sediment and overlying water. N. diversicolor was the major contributor, accounting for 75-98% of the total community ventilation. The lowest contribution of this species occurred during the period of A. marina expansion (i.e., in 2005). This is also the period with highest M. viridis contribution, although it barely exceeded 1% of the total.
BIOGEOCHEMICAL CYCLES: FAUNAL IMPACT ON BENTHIC METABOLISM AND NUTRIENT EXCHANGE
There is no doubt that functional traits of burrow-dwelling infaunal species enables them to perform bioturbation activities, which may stimulate benthic metabolism through increased organic matter degradation and nutrient exchange (e.g., Banta et al., 1999; Kristensen, 2001; Kristensen et al., 2011) . The extent of stimulation is controlled by numerous factors, including quantity and quality of organic matter input to the sediment, as well as the abundance, diversity and behavior of infaunal functional groups (or species) present. The transfer of organic matter between oxic surface and anoxic subsurface sediment through reworking activities leads to overall increased aerobic and anaerobic microbial metabolism (Hulthe et al., 1998; Kristensen and Holmer, 2001 ). The impact of burrow ventilation depends more on the burrow morphology and bioirrigation pattern than on the actual volume of water ventilated. Accordingly, dynamic bioirrigation forming an oscillating chemical environment around ventilated burrows is the basis for an environment with high microbial metabolism and rapid flushing of solutes (Sun et al., 1993; Aller, 1994; Bertics and Ziebis, 2010) . It must be noted, though, that a certain fraction of the faunal-induced stimulation of benthic fluxes (typically <40%) is not microbially derived, but instead a direct result of animal respiration and excretion (Christensen et al., 2000; Quintana et al., 2013) . Published results from laboratory experiments reveal that the average weight-and area-specific enhancement of O 2 uptake and CO 2 release in sediment inhabited by N. diversicolor at 15 • C is potentially 79 and 102 µmol (g ww) −1 m −2 d −1 , respectively (Table 4) . Only few attempts have been made to determine the flux enhancement by A. marina (e.g., Banta et al., 1999; Papaspyrou et al., 2007) . The available data indicate that this species has considerably higher capacity to increase O 2 and CO 2 fluxes than N. diversicolor, attaining average weight-and areaspecific enhancements at 15 • C of 331 and 412 µmol (g ww) −1 m −2 d −1 , respectively ( Table 4) . Downward ventilation in the tail gallery of A. marina burrows forces water rich in O 2 into the deep sediment surrounding the feeding pocket where it drives efficient aerobic microbial respiration, while upward advection through the feeding funnel flushes generated CO 2 out of the sediment. No such strong advective bioirrigation occurs in the open-ended burrows of N. diversicolor, where solute gradients and fluxes are mostly controlled by radial diffusion across the burrow wall (Kristensen and Hansen, 1999) . M. viridis also augment weight-and area-specific fluxes of O 2 and CO 2 substantially, reaching potential values at 15 • C of 345 and 420 µmol (g ww) −1 m −2 d −1 , respectively (Table 4) . This is considerably more than for N. diversicolor and comparable to that of A. marina, despite the much slower ventilation. The mechanisms behind the flux enhancement of M. viridis are different from those of the other two species Quintana et al., 2013) . The ventilation is too slow to maintain oxic conditions within and around the deeper parts of the burrow (Jovanovic et al., 2014) . The surrounding sediment is instead supplied with reactive DOC excreted by the worms and sulfate from the overlying water, which feeds and stimulates sulfate reduction Quintana et al., 2013) . The produced CO 2 is together with H 2 S advectively driven to the sediment surface by bioirrigation, where CO 2 is released to the overlying water and H 2 S is oxidized under the consumption of O 2 . Dissolved inorganic nitrogen (DIN) reactions and fluxes are also altered in the presence of the three polychaetes (Hansen and Kristensen, 1998; Papaspyrou et al., 2007; Kristensen et al., 2011) . Mineralization of organic nitrogen to NH + 4 is strongly coupled with carbon oxidation in a proportion dictated by the stoichiometry of degrading organic matter (Valdemarsen and Kristensen, 2010) . The potential enhancement of NH + 4 efflux by the three polychaetes is therefore proportional to that of CO 2 efflux. Thus, the CO 2 :NH + 4 ratios of the literature-based flux enhancements given in Table 4 are quite similar for N. diversicolor, A. marina and M. viridis, i.e., 6.8, 9.3, and 5.0, respectively. The NO − 3 flux, on the other hand, is very dependent on the balance between nitrification and denitrification and thus redox conditions in the sediment as well as the NO − 3 concentration in the overlying water (Kessler et al., 2012; Evrard et al., 2013) . The rapid flushing of open-ended burrows by N. diversicolor promotes oxic conditions and leads to nitrification in a narrow zone along the burrow. However, the steep gradients allow simultaneous rapid diffusion of the produced NO − 3 together with NO − 3 ventilated from the overlying water into anoxic sediment, where denitrification occurs (Nielsen et al., 2004; Nizzoli et al., 2007; Stief, 2013) . Thus, the stimulated weight-and area-specific NO − 3 flux from published literature provides an average net rate of −2.3 µmol (g ww) −1 m −2 d −1 ( Table 4) . The intense upward advection of water through the feeding funnel in A. marina burrows eliminates any diffusion control and the associated rapid oxic-anoxic oscillations provide excellent conditions for coupled nitrification-denitrification (Na et al., 2008) . The average stimulated weight-and area-specific net NO Kristensen et al., 2011) . Denitrification is for this species not coupled to nitrification Bonaglia et al., 2013) , but rather by efficient denitrification of NO − 3 ventilated from the overlying water into the anoxic burrow environment (Jovanovic et al., 2014) . Accordingly, the literature-based stimulated weight-and area-specific consumption of NO 
ECOSYSTEM SCALE BIOGEOCHEMICAL RESPONSE TO FAUNAL COMMUNITY SHIFTS
The ecosystem scale impact of changes in dominance of the three examined polychaete species on sediment biogeochemistry (i.e., metabolism and nutrient fluxes) in the inner Odense Fjord can readily be estimated from their functional traits, i.e., the weightand area-specific enhancements presented above. The predictions are limited to the growth season (May-October) where the average water temperature is ∼15 • C as in the source experiments. However, before evaluating the relative flux enhancement, the level of basic heterotrophic metabolism and nutrient fluxes in sediment devoid of fauna must be established. These are here derived from station OF123 using unpublished results 1 measured every year over the last 10 years on darkened intact sediment cores at 15 • C in August. The heterotrophic fluxes (in mmol m −2 d −1 ) corrected for faunal contribution were, O 2 : 66.5 ± 21.3; CO 2 : 76.8 ± 13.1; NH + 4 : 2.2 ± 2.3; and NO − 3 : 0.22 ± 1.6. These are within the range found for undisturbed and defaunated sediment cores from various locations in Odense Fjord (Valdemarsen et al., 2014) .
Before the major shift in faunal abundance occurred in 2004, the estimated total enhancement of benthic metabolism (O 2 and CO 2 flux) by N. diversicolor and A. marina was rather small (Figures 7A,B) , equivalent to 16-30% increase relative to the basic rates. The major contributor during this period was A. marina, accounting for 62-71% of the total enhancement. A similar low faunal contribution is normally observed in undisturbed systems close to steady state with respect to organic input and faunal abundance (Kristensen, 2000) . During the transient period of A. marina and M. viridis expansion in 2004-2006 , the enhancement of O 2 and CO 2 flux relative to the basic rate increased to 43-61%, with A. marina, M. viridis and N. diversicolor being responsible for about 80, 10, and 10%, respectively. The key organism affecting benthic metabolism was therefore always A. marina due to its large biomass and efficient enhancement of microbial reactions. A similar stronger impact of A. marina than N. diversicolor has been observed previously (Banta et al., 1999) .
Faunal enhancement of NH + 4 fluxes ( Figure 7C) showed the same pronounced effect during the A. marina and M. viridis expansion period as observed for benthic metabolism, but were much stronger relative to the basic rate. Even during the preexpansion period, the enhancement of NH Table 4 .
introduction of excess fauna to undisturbed sediment cores. The partitioning of the enhancement among the three polychaetes species was almost identical to that observed for O 2 and CO 2 fluxes, i.e., about 80, 10, and 10% for A. marina, M. viridis, and N. diversicolor, respectively . This is an obvious reflection of the aforementioned similarity in CO 2 :NH + 4 ratios of solute flux enhancement by the three species.
The faunal induced enhancement of NO − 3 fluxes into the sediment, on the other hand, was low in absolute terms, but within the same order of magnitude as the basic efflux without fauna (i.e., 0.22 ± 1.6 mmol m −2 d −1 ). Accordingly, all three polychaete species apparently stimulated denitrification more than nitrification causing a balanced (i.e., close to zero) total community net exchange of NO − 3 at all times. The enhanced influx of NO − 3 was only marginally higher during the expansion years than in the pre-expansion period (i.e., −0.29 to −0.32 compared with −0.15 to −0.24 mmol m −2 d −1 ) (Figure 7D) . N. diversicolor was the most important contributor during the pre-expansion period, accounting for 70-80% of the total enhancement. This diminished to 16-37% during the expansion, where A. marina contributed with 42-56% and M. viridis with 21-29%. Thus, the role of A. marina on NO − 3 influx was lower than for the other solutes and this species was only more important than the other two during the expansion years.
IMPACTS OF COMMUNITY SHIFTS AND FUNCTIONAL TRAITS OF BENTHIC FAUNA ON BENTHIC-PELAGIC COUPLING AND ECOSYSTEM FUNCTIONING
It is obvious from the present study that dramatic shifts in benthic fauna composition and functional traits, as exemplified by the temporal expansion of A. marina and M. viridis and decline of N. diversicolor, affect benthic-pelagic coupling and thus the functioning of the entire inner Odense Fjord. The historical records of summer nutrient levels in the water column of this area (Figure 2) for the time period corresponding to the fauna surveys presented here (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) provide a conspicuous pattern with strongly elevated concentrations of DIN exactly during the years (2004) (2005) (2006) where A. marina and M. viridis populations expanded. Previous studies have also reported altered sediment biogeochemistry in response to benthic community shifts (Thrush et al., 2006; Lohrer et al., 2010; Kristensen et al., 2011; Norkko et al., 2013) , but only few have assessed how these changes subsequently affect the benthic-pelagic coupling and cause changes in the functioning of entire ecosystems (e.g., Lohrer et al., 2004) . The correlation between faunal DIN flux enhancement and summer DIN levels in the water column observed in this study was highly significant (p < 0.001) with a correlation coefficient (r 2 ) of 0.900. Although no direct causal relationship has been proved, we are confident that the faunal induced excess NH Daily fauna stimulation of benthic DIN efflux during the years with a shift dominating functional traits (i.e., expansion of A. marina) potentially increased summer DIN concentrations by 3.38 µM in the 0.8 m deep water column (Figure 8) . However, when the average water residence time of 23 days and 26% denitrification of delivered DIN (Petersen et al., 2009 ) are considered, 0.14 and 0.88 µM, respectively, of the faunal contribution is removed daily. The remaining average 2.36 µM/d excess DIN in most likely stimulated phytoplankton production and counteracted DIN limitation during the critical phase in summer with replete DIP levels. However, to maintain the measured elevated DIN concentration of 2.53 µM, the excess consumption of DIN by phytoplankton should on average not exceed 2.36 µM d −1 , which corresponds well with reported values of up to 2.4 µM d −1 (Fyns Amt, 2004) . Accordingly, water column Chlorophyll a, as a proxy for phytoplankton biomass, showed increased levels exactly during the A. marina and M. viridis expansion period (Figure 3) . The correlation between summer DIN levels and Chlorophyll a in the water column was highly significant (p < 0.001) with a correlation coefficient (r 2 ) of 0.833. A dark horse in this calculation is the dual functional traits of N. diversicolor, i.e., its capacity to simultaneously stimulate release of nutrients to the overlying water (e.g., Kristensen and Hansen, 1999) and graze on phytoplankton by suspension feeding (Riisgård, 1991; Christensen et al., 2000) . It is possible that part of the increased phytoplankton concentration from 2004 to 2006 is coupled to the diminished population size, and thus less intense suspension feeding by N. diversicolor during this period, but the exact quantitative role of this is currently unknown. In any case, the present observations are to our knowledge the first in situ proof of how benthic infauna community shifts promote new functional traits, which causes altered benthic-pelagic coupling and modifies overlying nutrient levels and phytoplankton biomass in coastal marine systems. This suggests that benthic infauna community shifts significantly influence ecosystem functioning.
CONCLUSIONS AND PERSPECTIVES
Our study support the contention of Thrush et al. (2006) that shifts in large infaunal abundance driven by anthropogenic and natural disturbances may lead to functional changes and cause dramatic changes in the structure and performance of ecosystems. Shifts in benthic fauna communities (e.g., regime shifts), as exemplified from our Odense Fjord case study, clearly involve all three key features affecting ecosystem functioning, i.e., species composition, species functional traits and species impact on biogeochemical cycling. These features must therefore be considered in concert and not individually because any shift in e.g., species dominance is tightly coupled to interactions among the functional traits of involved species and thus their specific impact on sediment biogeochemistry. The dynamics between the three features during a benthic community shift ultimately (Petersen et al., 2009) . Denitrification is estimated as 26% of the DIN release (Petersen et al., 2009) . The maximum phytoplankton primary production is derived from the average summer rates (Fyns Amt, 2004) . These three loss terms are at most equivalent to the excess release and justify the maintenance of a high 2004-2006 DIN level in the overlying water (Figure 2) . affect benthic organic matter mineralization and nutrient cycles. This leads to altered benthic-pelagic coupling and thus nutrient availability for primary producers, which consequently modifies the overall ecosystem functioning (Grall and Chauvaud, 2002) . We therefore have strong evidence to support our first hypothesis. Such modifications in pelagic foodweb dynamics driven be altered benthic-pelagic coupling may conversely cause feedback to the benthic system in the form of altered deposition of organic material-and thus provide food for the benthic fauna and associated microbial communities. These important feedbacks between large macrofauna, biogeochemical processes, and ecosystem productivity clearly manifest our second hypothesis.
The focus in our study is mostly directed toward the role of fauna community shift and functional traits for the exchange of nutrients across the sediment-water interface. This is an obvious consequence of the dominant functional traits involved, as the investigated large species all enhanced the nutrient release to the overlying water. As found by Norkko et al. (2013) , the largest species, A. marina, had the strongest impact on nutrient fluxes. However, suspension-feeding by N. diversicolor could potentially reverse the benthic-pelagic coupling and cause enhanced deposition of particles and create a clear water state (Riisgård, 1991) . This is exactly what was observed by Petersen et al. (2008) in Ringkøbing Fjord where the shift in dominance to one suspension feeding bivalve, Mya arenaria, cleared all phytoplankton from the water column. This substantiates the importance for identifying the functional traits of the species involved in a community shift before investigating its consequences for benthic-pelagic coupling and ecosystem functioning.
Although we believe that shifts in benthic community structure affect the functioning of most marine ecosystems, the depth and hydrodynamics of the overlying water column are crucial for the actual ecosystem-scale expression of the altered benthicpelagic coupling (Rasmussen and Josefson, 2002; Mauna et al., 2011) . For example, nutrients delivered from the benthos may in estuaries with an 8 m deep water column be diluted by up to 100 times compared with the Odense Fjord case study. The exact response of course depends on the water residence time of each individual estuary (Rasmussen and Josefson, 2002) . Thus, when regime shifts occur in deep or regularly flushed estuaries, the associated chemical changes may not be measurable with standard analytical techniques. Moreover, the growth response of phytoplankton to few nM changes in nutrient levels will according to standard growth kinetics obviously be very limited (Ballantyne et al., 2008; Teixeira et al., 2014) . Furthermore, the recycling of nutrients in deep-water environments occurs to a large extent in the water column, leaving less deposited organic material for benthic organisms (Suess, 1980; Hedges and Keil, 1995) . Consequently, the benthic fauna abundance and biomass are lower and biogeochemical cycling slower, diminishing the impact of any community shift on benthic-pelagic coupling and ecosystem functioning. We emphasize that our findings in principle should be valid for all marine areas, but that they are primarily expressed in shallow (i.e., few meter or less deep) estuaries, and should not directly be extrapolated to deeper coastal environments. We therefore recommend that the complex linkages and interactions related to benthic community shifts and benthicpelagic coupling are first studied in shallow environments to obtain sufficient knowledge about the drivers and controls before exploring these issues in deep-water environments.
